In this work, conventional (non-coherent), coherent-jet, and high pressure coolant delivery systems are compared for profile creep-feed grinding, under non-continuous dressing conditions. To facilitate this comparison, an analytical method of determining the available flow (coolant that hits the wheel or workpiece) was presented. The coolant delivery systems were compared for five different feed rates. At each feed rate the form error was measured using a coordinate measuring machine at five cross sections along the workpiece. The high-pressure coolant delivery system had the lowest form error and had an available flow of only 1.7 Llmin. The non-coherent jet had the second best form error and had an available flow of 17 Llmin. The coherent jet had the highest form error with an available flow of 39 Llmin.
INTRODUCTION
Grinding is an essential manufacturing process as it plays a vital role in the manufacturing of high-precision components. It is virtually the only process suitable for the mass production of highquality surfaces on hard/tough materials and accounts for over 20% of all machining processes [1] . In conventional surface grinding, a rotating grinding wheel moves across the surface of the workpiece removing a very small amount of material per pass. In creep-feed grinding, a large depth of cut a, at a slow feed rate, v w , results in much higher material removal rates as shown in Figure 1 . With profile creep-feed grinding, complex profiles with high surface quality and precision are ground into difficult-tomachine materials in only a few passes [2] by dressing the appropriate profile into the grinding wheel. This grinding process is essential to a wide range of applications including gas, turbines, cardan shafts and driving elements such as gears [3] . In creep-feed grinding, cutting fluid (usually referred to as coolant) is critical to achieving high material removal rates, high workpiece surface quality and long wheel life [6] . Coolant has four essential roles in the grinding process [4] . First, lubricants in the coolant reduce the friction between the grinding wheel in order to reduce heat generation and enhance wheel life. Second, coolant is used to cool the wheel and workpiece. In grinding, virtually all the energy used in the process is converted to heat [1] . The resulting temperature is the main cause of workpiece damage and is one of the main limitations on material removal rates in grinding [5] . Third, coolant directed at the wheel helps to clean the grinding wheel by removing chips from the pores of the grinding wheel which can seriously degrade the performance of a grinding wheel. Finally, coolant flow helps to clean swarf from the workpiece and grinding machine.
In a conventional coolant delivery system for creep-feed grinding the coolant is sprayed into the grinding zone at pressures in the order of 550 KPa and flow rates in the order of 4-6 Llmin per mm of workpiece width. Many alternative methods have been proposed to deliver coolant to the grinding zone.
See Irani et. al. [12] , for a comprehensive review of state-of-the-art coolant delivery systems. Two promising types of coolant delivery systems are the coherent jet and the high-pressure jet.
A coherent jet produces a stream of coolant that does not expand as the distance from the nozzle increases. Webster [7] was the fIrst to use a coherent jet for coolant application in creep-feed grinding.
This type of jet does not entrain air and is much easier to aim than conventional nozzles. Steffen et. ai. [8] found that a properly designed coherent-jet coolant delivery system could improve material removal rates by up to 60% in creep-feed grinding of Inconel 718 and that the coherent jet was very easy to aim and did not require frequent adjustment. Recently, Monici et. ai. [9] also found that a coherent-jet was more effective for cylindrical plunge grinding using CBN grinding wheels.
Kovacevic and Mohan [10] compared a high-pressure coolant delivery system to a conventional coolant delivery system for surface grinding with aluminum oxide. Their high-pressure system produced an exit velocity of 364 mls with a relatively low flow rate of 3.6 Llmin. They found that the highpressure system improved the workpiece surface fInish and reduced grinding forces. Irani et. ai. [11] also found that a high-pressure coolant delivery system could enable higher material removal rates in creep-feed grinding of annealed 4140 steel with aluminum oxide.
To date, the work on coherent-jet and high-pressure coolant delivery systems has focused on creep-feed grinding. There is no published information on the performance of either coherent-jet or highpressure coolant delivery systems for profIle creep-feed grinding [12] . In this work conventional, coherent-jet and high-pressure coolant delivery systems will be compared.
EXPERIMENTAL APPARATUS AND METHOD
The terms used to describe the three coolant delivery systems tested are shown in Figure 2 . The geometry of the jets and nozzles are defIned with respect to "the nip" which is the point at which the grinding wheel circumference and the workpiece surface converge. The jet height is the height of the jet above the workpiece surface at the nip. The jet angle is the angle of the center of the jet with respect to the workpiece fInished surface. The jet length is the distance between the nip and the nozzle aperture. The divergence angle is defIned as the angle at which the jet spreads. The jet coherency is defIned by:
Coherent-jet, non-coherent jet and high-pressure jet coolant delivery systems used in our tests are illustrated in Figure 3 . The coherent jet had the lowest nozzle pressure (750 KPa) and highest flow rate (39 Llrnin). The non-coherent jet had the same pressure as the coherent jet with a slightly lower flow rate (31 Llmin) because this system used the same pump as the coherent jet but had slightly more constriction at the nozzle aperture. A pressure washer was used for the high pressure system. This system had the highest nozzle pressure (4250 KPa) and lowest flow rate (6 Llmin The first column of Figure 3 shows the jets produced by each nozzle type. The coherent-jet coolant delivery system produces a narrow stream of fluid, the non-coherent jet produces a stream of fluid that tends to disperse with distance and the high-pressure nozzle produces a fan shaped spray of fluid. As can be seen in the second column of Figure 3 , all nozzles were positioned to be as close as possible to the nip in order to maximize the amount of coolant that would either hit the wheel or the workpiece. The coherent jet and the non-coherent jet were aimed so that the centerline of the jets would intersect the nip (jet height = 0). This jet configuration was used because previous research [8] had found this position to be most effective for (flat profile) creep-feed grinding. The high pressure system was aimed slightly above the nip because previous research [11] had found this position to be most effective for (flat profile) creep-feed grinding.
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ill Each of the coolant delivery systems described supplies significantly different amounts of coolant; however, not all of this coolant entered the grinding zone. In fact some of the coolant completely missed the grinding wheel and workpiece no matter how carefully the nozzle was aimed. Thus, in this paper a newly developed methodology for estimating the amount of coolant that has the potential to enter the grinding zone is presented. This available flow can be calculated by determining the amount of coolant that contacts either the wheel or the workpiece surface as shown in Figure 4 . As can be seen in Figure 4 (a), the jet is represented by a cone of revolution, the workpiece is represented by a plane and the wheel is represented by a cylindrical surface. The workpiece surface and the wheel surface are truncated by two vertical planes separated by the profile width. Note that in order to simplify the calculations the wheel surface is represented by a plane that extends from the nip to the first contact of the spray cone with the wheel surface. Thus, the available flow per unit workpiece width at any point on the z-axis is the portion of the spray cone that is bounded by the four surfaces and can be calculated from:
where qd is flow density which can be calculated in the following equation, if the flow is assumed to be uniform:
where Q is the total flow and A is the cross-sectional area of the coolant jet at any distance along the centre line of the jet.
In order to calculate the integration limits, the intersection curve between the spray cone and workpiece and wheel surfaces must be determined. These intersection curves can be seen in Figure 4 (b). Note that the deviation between the wheel intersection curve and the approximate wheel intersection curve is small, confirming that the approximation of the wheel surface by a plane is reasonable. The geometry of the spray cone is defined with respect to a coordinate system located at the apex of the cone such that the x-axis lies on the centre line of the cone, the y-axis lies on the mid-plane of the workpiece and the z-axis is parallel with the workpiece surface as shown in Figure 4( (4) where de is a parameter representing the distance along the centre line of the cone, Be is an angle in the yzplane measured with respect to the z-axis, and r e is the radius of the jet at a distance de along the jet's centre line. If the jet is a cylinder, as in the case of the coherent jet, then r e is constant. If the jet is a cone, as in the case of the non-coherent jet, then r e is given by: (5) where If! is the corresponding cone angle. Finally, if the jet is an elliptic cone, as in the case of the highpressure jet, then r e is given by: (6) where a and b are the semi-major and semi-minor axes of the elliptical cone, respectively, and are a function of the distance de along the jet's centre line as follows:
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where 'IIa and 'lib are the elliptic cone angles in the z-x and y-x planes. Note that a line on the spray cone can be defined by: (8) where Pc is a unit vector in the direction defined by constant values of (dc, Be)' The equation of the plane defining the workpiece surface is: (9) where n wp is a vector normal to the workpiece plane, and Pwp and a wp are arbitrary points on the workpiece plane Similarly, the wheel surface can be defined by: (10) where n w is a vector normal to the workpiece plane, and Pw and aware arbitrary points on the workpiece plane.
The curve defining the intersection of the spray cone can be determined by considering the intersection of a line on the cone with the workpiece plane.
After rearranging, de can be found from: (12) and the corresponding coordinates on the intersection curve can be found by back substituting de and the selected value of Be into equation (4) such that the z-component of Pc lies between the Zmin and Zmax limits shown in Figure 4(b) . In a similar manner the intersection between the spray cone and the wheel surface can be found.
Although the authors modeled the wheel surface as a plane, it could also have been modeled as a cylinder of radius R using the following equation:
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Where (dx,dy) is the position of the cylinder's axis in the xy-plane and the cylinders axis is parallel to the z-axis. The intersection curve between the wheel and the workpiece could then have been determined by substitution equation (4) into equation (13) and solving for de.
The coolant delivery systems were evaluated on a Blohm Planomat 408 creep-feed grinding machine with a 400 mm Radiac AbrasivesRPA801 -F+850 -VOS vitrified aluminium oxide wheel. The workpieces were made of 1018 cold drawn steel with a hardness of approximately 145 Bhn. The wheel velocity was 25 m/s and the maximum depth of cut was 1.8 mm. The workpiece feed rates considered were 230, 255, 280, 330, 335 mm/min. The coolant used in the experiments was a 20:1 dilution of CIMTECH® 310 Synthetic Metalworking Fluid manufactured and distributed by CIMCOOL Global Industrial Fluids and Milacron Canada Inc. The wheel was trued and dressed using a profiled diamond dressing roll. The dressing depth was 5 microns with 2 spark-out passes.
An example of the finished workpiece is shown in Figure 5 . The profile is approximately 12.7 mm wide and 1.7 mm deep. The coolant delivery systems were primarily evaluated by considering the form error of the ground surfaces. The form error was determined by measuring the profile on a Mititoyo Coordinate Measuring Machine (CMM) and comparing it to a reference profile. In order to carry out this comparison the measured profile had to be translated and rotated to match the reference profile as closely as possible in order to eliminate any fixturing errors that occur during grinding and measurement. The measured profile was incrementally translated by Ax and~y and then rotated in the plane by~eas shown in Figure 6 . After each incremental transformation the vertical distance between corresponding points on the translated and measured profiles was calculated and the overall form error was calculated as:
This procedure was implemented in MATLAB and a multidimensional unconstrained nonlinear optimization routine based on the NeIder-Mead simplex (direct search) method was used to minimize the form error. The resulting minimized form error was used as a measure of the form error. RESULTS AND ANALYSIS Figure 7 shows the average profile error as a function of distance along the workpiece for five different feed rates. In each graph, the average error increased with distance along the workpiece due to wheel wear. As the wheel wears, the cutting edges become dull and the forces on individual cutting edges increase. This increase in force can cause the abrasive grains to fracture or the bonds holding the grains to break. As a result the profile of the grinding wheel loses accuracy and the resulting form error is transferred onto the workpiece surface during the cutting process. The graphs also show that as the feed rate increases, the average error increases because the load on each cutting edge increases causing an increase in the wear rate. In order to compare the systems, the average profile error along the workpiece for each system was shown for feed rates of 230, 280, and 330 mm/rnin in Figure 8 . The high-pressure system performed the best regardless of feed rate. The coherent jet was better than the non-coherent jet for the 230 and 280 mm/rnin cases but performed the worst for the 330 mm/rnin case. This result was somewhat surprising because the literature consistently reports that coherent jets outperform non-coherent jets. In order to explain this apparent contradiction, the results for a feed rate of 330 mm/min were examined in more detail in Figure 9 with particular attention given to the available flow. The first column in Figure 9 shows the reference and ground profile using the left-hand vertical axis, and the available flow per unit width on the right-hand vertical scale as a function of the workpiece width. The second column shows the profile error as a function of workpiece width at 100 mm along the workpiece. These graphs show that the available flow (1.7 Llmin, 28% of total flow) for the high pressure jet is much lower than the coherent jet or the non-coherent jet but that it is relatively constant (0.17 Llmin/mm ) across the workpiece width. The corresponding profile errors were also relatively consistent across the workpiece. The non-coherent jet has somewhat more available flow (17.0 Llmin, 55% of total flow) which peaks at the center of the workpiece (1.7 Llmin/mm) and decreases to 1.5 Llmin/mm at the edge of the workpiece. The corresponding profile error tended to be higher than that of the high-pressure jet and increased on the edges of the workpiece where there was less available flow. The coherent jet has the most available flow (39 Llmin, 100% of total flow) which peaks at the centre (7.1 Llmin/mm) and decreases to (0.0 Llmin/mm) at the edge of the workpiece. These figures clearly show that the coherent jet performed 11. The distribution of available flow explains why the coherent jet performed more poorly than the non-coherent jet and the high-pressure jet at the edges of the workpiece, but does not explain why the coherent jet and the non-coherent jet performed worse than the high-pressure jet at the center of the workpiece. The authors believe that there are two explanations for this observation. First, while the primary functions of the coolant are to lubricate and cool the grinding zone, it should also clean the wheel. Only the high-pressure jet, however, delivers coolant with enough velocity to clean the wheel. As a result, the wheel stays clean and does not wear as quickly. Second, some researchers believe that only a limited amount of coolant can enter the grinding zone. This "useful flow" concept assumes that all the coolant is transported through the grinding zone in the pores between the abrasive grits. Thus the useful flow depends on the ability of the coolant delivery system to fill the pores of the grinding wheel. The high pressure system may allow the coolant to penetrate more deeply into the wheel and actually have a higher useful flow than the low-pressure coherent and non-coherent systems.
SUMMARY
The performance of a non-coherent, coherent and high-pressure coolant delivery system was evaluated for the profile creep-feed grinding of low carbon steel with an aluminum oxide wheel. The profile error for each sample was measured on a coordinate measuring machine. The high-pressure jet was found to be the most effective system even though it only supplied 1.7 Llmin of coolant to the grinding zone. The non-coherent jet had the second best performance. The coherent jet had the worst performance because it was unable to deliver coolant evenly across the workpiece width.
